Atmospheric new particle formation (NPF) is an important global phenomenon that is nevertheless sensitive to ambient conditions. According to both observation and theoretical arguments, NPF usually requires a relatively high sulfuric acid (H 2 SO 4 ) concentration to promote the formation of new particles and a low preexisting aerosol loading to minimize the sink of new particles. We investigated NPF in Shanghai and were able to observe both precursor vapors (H 2 SO 4 ) and initial clusters at a molecular level in a megacity. High NPF rates were observed to coincide with several familiar markers suggestive of H 2 SO 4 -dimethylamine (DMA)-water (H 2 O) nucleation, including sulfuric acid dimers and H 2 SO 4 -DMA clusters. In a cluster kinetics simulation, the observed concentration of sulfuric acid was high enough to explain the particle growth to~3 nanometers under the very high condensation sink, whereas the subsequent higher growth rate beyond this size is believed to result from the added contribution of condensing organic species. These findings will help in understanding urban NPF and its air quality and climate effects, as well as in formulating policies to mitigate secondary particle formation in China.
A tmospheric nucleation and subsequent growth of newly formed particles are a major source of atmospheric aerosol particles in terms of their number concentration (1) (2) (3) (4) , which can affect the climate directly and indirectly (5) . During the past several years, knowledge about new particle formation (NPF) has increased through laboratory experiments, especially those carried out in the Cosmics Leaving Outdoor Droplets (CLOUD) chamber at CERN (6) (7) (8) (9) (10) (11) . Detailed mechanisms for atmospheric nucleation have been proposed for a few locations with low background aerosol loadings (8, (12) (13) (14) .
It is still a puzzle why and how NPF occurs in a highly polluted urban atmosphere like those in Chinese megacities (15, 16) . The very high aerosol concentration, causing a large condensation sink (CS), should efficiently scavenge newly formed molecular clusters before they reach sizes of a few nanometers, except when the cluster growth rate (GR) is exceptionally high (15, 17, 18) . However, even in highly polluted areas, such as Nanjing in eastern China, secondary aerosol production makes a dominant contribution to the total aerosol number load, and more than half of accumulationmode aerosol particles have been estimated to be of secondary origin (19) . The observation of frequent NPF events in megacities such as Beijing (20, 21) , Shanghai (22) , and Nanjing (23) urges a major advance in our understanding of the physical and chemical mechanisms for NPF in a heavily polluted atmosphere, which would ultimately help us to improve the performance of global and regional models.
We performed measurements in the Chinese megacity Shanghai ( fig. S1 ) to investigate the mechanisms and effects of atmospheric NPF. The first dataset includes long-term continuous observations between March 2014 and February 2016 of particle number size distributions down to~1.2 nm and atmospheric trace gas concentrations. The instruments used during this period were one particle size magnifier (PSM), one nanoscanning mobility particle sizer (nano-SMPS), and one long-SMPS. The second set of data was recorded during an intensive campaign from December 2015 to February 2016 with additional mass spectrometric measurements of gas-phase aerosol precursors and clusters. During this period, we additionally used one neutral cluster and air ion spectrometer (NAIS) and one nitratebased chemical ionization-atmospheric pressure interface-time-of-flight mass spectrometer (CIAPi-TOF) (24) . These two complementary datasets provide both precise fingerprint-type details and the nucleation climatology that together elucidate the chemical and physical mechanisms for the observed NPF events.
During the long-term measurements, we identified 114 strong NPF events with maximumto-background concentration ratios of >20 for sub-3-nm particles, corresponding to an NPF frequency of 15.6%. As shown in table S1, the formation rates of particles in the size range of 1.7 to 2 nm (J 1.7 ) and CS values in urban Shanghai are one to two orders of magnitude higher than typical values in the clean atmosphere (15, 22) . NPF events in urban Shanghai are favored on days with stronger solar radiation, higher ozone concentration, higher sulfuric acid concentration, lower relative humidity (RH), and less NO x ( fig.  S2 ). The correlation with radiation, sulfuric acid, and ozone production indicates that the identified NPF events in Shanghai were generally photochemically induced. Lower RH is related to sunny days with strong radiation, which favor the formation of OH radicals and hence sulfuric acid (25) . NO x can react with peroxy radicals to compete with the autoxidation pathway, thereby hindering the formation of critical intermediates for NPF (26) .
When looking at NPF at a molecular level, we found that naturally charged 2-to 4-nm ions (figs. S3b and S4) were scavenged by preexisting particles in Shanghai. This finding provided little information except that ion-induced nucleation was not responsible for the observed NPF events. The ion-induced contribution to NPF based on the calculated ratio of J 1.7 (ion)/J 1.7 (total) was 0.03% for negative ions and 0.05% for positive ions, respectively. We therefore concentrated on neutral compounds and clusters measured by using a nitrate-based CI-APi-TOF during the intensive campaign. The most notable observation was the highest signal of a sulfuric acid dimer, H 2 SO 4 ·HSO 4 − , ever observed in an ambient atmosphere [see also Kürten et al. (27) ]. H 2 SO 4 ·HSO 4 − detected by the nitrate-based CI-APi-TOF has previously been explained by the stabilization of the neutral sulfuric acid dimer in the real atmosphere by dimethylamine (DMA) (6, 9, 28) or by a molecule that works in the same way as DMA. During the process of charging by the NO 3 − reagent ions, DMA evaporated and one molecule of H 2 SO 4 was replaced with one bisulfate ion, HSO 4 − . The particle formation rate plotted against the measured H 2 SO 4 ·HSO 4 − concentration is shown in Fig. 1A . A good correlation (correlation coefficient r = 0.75, P < 0.001) is evident for the dimer concentration exceeding 1 × 10 4 cm
. This suggests that the formation of atmospheric clusters giving a strong sulfuric acid dimer signal in the CI-APi-TOF was crucial for the observed nucleation processes. Figure 1B presents the median sulfuric acid dimer concentration as a function of the sulfuric acid monomer concentration for NPF and nonevent days during the intensive campaign. Our measured dimer-to-monomer ratio is much larger than the corresponding theoretical maximum ratio because of ion-induced clustering (IIC) of sulfuric acid within the CI-APi-TOF ion reaction zone (29) , being about one order of magnitude larger than previously reported ambient values when the sulfuric acid monomer concentration reached 1 × 10 7 molecule cm −3 (27, 29) . At this level of sulfuric acid concentration, our dimer-tomonomer ratio is close to a previous experimental observation from H 2 SO 4 -DMA-H 2 O nucleation in the CLOUD experiment (9) . Cluster kinetics simulations (see supplementary materials) for a kinetically limited H 2 SO 4 -DMA system show a qualitative agreement with our measured values, including the effect of CS on the dimer-tomonomer ratio (Fig. 1B) . During NPF days, this ratio is larger and the CS is smaller, which is opposite to nonevent days. Very high CS values (>0.02 s ) seem to prevent NPF in Shanghai.
However, values of~0.01 to 0.02 s −1 with the observed GRs are expected to cause very high scavenging of small clusters, indicating that our knowledge of NPF under polluted conditions is still incomplete (15) .
As suggested by other neutral clusters (Fig. 1C) , the identity of the stabilizer for the sulfuric acid dimer is most likely DMA. Using the nitrate-based CI-APi-TOF, we observed large sulfuric acid clusters (trimer and tetramer) and sulfuric acid-DMA clusters consisting of up to four molecules of sulfuric acid and two molecules of DMA in the ambient atmosphere. However, because one or more DMA molecules could have evaporated after the charging of the parent neutral sulfuric acid-DMA cluster by reagent ions (6, 9, 30), we expect a larger number of DMA molecules in sulfuric acid-DMA clusters than observed here. On the other hand, the high particle GRs in Yao ). Data for compounds containing sulfur and oxygen (table S2), sulfuric acid-DMA clusters, and other molecules or clusters are presented. The symbol size is proportional to the logarithm of the signal intensity (count rate). The sulfuric acid concentration, RH, and temperature during the nucleation period were 1.1 × 10 7 cm −3
, 37%, and 280 K, respectively. High-resolution peak fitting to CI-APi-TOF data for all nine NPF events is shown in fig. S5 . Th, Thomson.
Shanghai corresponded to an almost simultaneous appearance of sulfuric acid clusters and sulfuric acid-DMA clusters. Nevertheless, the presence of sulfuric acid clusters and sulfuric acid-DMA clusters suggests that the initial growth of neutral clusters proceeded by the addition of precursor gases or preformed clusters (6) . Apart from these clusters, a large number of organic species were observed, including highly oxygenated molecules (31) (table S2). Because of the extreme chemical complexity of organic species in the urban atmosphere, we were able to unambiguously assign molecular formulas to only a few of them, likely formed by reactions of peroxy radicals with NO x or autoxidation of peroxy radicals.
The measured particle formation rates give further support for the involvement of DMA, instead of any other stabilizer, in the observed NPF events. Figure 2 (9) . The average temperature (278 ± 8 K) and RH (36 ± 7%) on the NPF days during the intensive campaign are close to the CLOUD experimental conditions (278 K and 38% RH), and hence temperature and RH are not expected to substantially enhance the particle formation rates during this period in Shanghai (32) . The average concentration of C 2 -amines was measured to be 40 ± 14 pptv (parts per trillion by volume) in summer 2015 at the same sampling site (33) , so during the intensive campaign, the DMA concentration could have reached 5 pptv, a threshold value to hit the rate limit for H 2 SO 4 -DMA-H 2 O ternary nucleation (9 Figure 3 shows that the GRs of clusters and nanoparticles during the intensive campaign increased steeply with the increasing size of clusters and particles up to 25 nm, which is consistent with the observations from long-term measurements ( fig. S9 ). We performed cluster kinetics simulations for a collision-limited H 2 SO 4 -DMA system (34) by using the median sulfuric acid concentration and CS for the NPF events observed during the intensive campaign. The GR for sub-3-nm particles determined from simulations is on average higher than the measured GR, which means that the sulfuric acid concentrations are sufficient to explain the observed growth of sub-3-nm particles, considering that there is always a neutralizing base to stabilize sulfuric acid clusters (for instance, DMA). However, subsequent growth between 3 and 25 nm needs to be considerably boosted by organic vapors (35) , some of which are likely detected with the CI-APi-TOF and some of which are not ( fig. S10 ). With the typical GRs observed in Shanghai, newly formed particles reach cloud condensation nucleus sizes within a day.
On the basis of our calculations, the number of particles produced in NPF events is~4.8 × 10 21 km −2 year −1 in the Shanghai area (see supplementary materials). This estimate is based only on the strongest NPF events, and therefore the actual value is expected to be larger. Even so, this estimate is close to the estimates of anthropogenic primary aerosol emissions (2 × 10 22 km −2 year −1 ) within the most polluted part of the Shanghai area (emission grid resolution of 0.5°b y 0.5°) and to the average for such emissions (5 × 10 21 km −2 year −1 ) in the somewhat larger area (1.5°by 1.5°) (36) (fig. S11 ). Direct comparison of our results to these estimates of primary anthropogenic particle number emissions suggests that the NPF contribution to the total aerosol particle number production is about 20% in the most polluted area and 50% in a wider urban environment. However, it is notable that, according to Paasonen et al. (2016) (36) , the anthropogenic particle number emissions are also highly uncertain. The authors suggest that anthropogenic emissions of nucleation-mode particles are in general underestimated because of the incomplete representation of the volatile primary particles in some observational data applied for deriving the emission factors. Because of this probable underestimation in and uncertainties related to both the NPF and the anthropogenic particle number sources, this comparison should not be taken as an estimate of the exact shares of the sources but as an indication that neither source clearly dominates over the other.
In summary, we have performed a molecularlevel study of NPF events in a Chinese megacity. We detected high concentrations of sulfuric acid dimers, which point to strong acid-base ). The blue box shows simulation results assuming a 50% higher or lower sulfuric acid concentration due to the uncertainty in measured H 2 SO 4 .
stabilization in H 2 SO 4 -DMA clusters. When compared to CLOUD measurements, the observed cluster formation events during our intensive campaign were consistent with H 2 SO 4 -DMA-H 2 O nucleation, even though other mechanisms involving, for example, organic compounds could not be ruled out. Within experimental uncertainties, the sulfuric acid concentrations were high enough to result in the observed growth of sub-3-nm particles, provided that neutralizing bases, such as DMA, stabilized the sulfuric acid clusters. The exact contribution of organics and NH 3 to the growth of large clusters is yet to be elucidated. Although our results provide strong evidence for H 2 SO 4 -DMA-H 2 O nucleation, it remains unclear how newly formed molecular clusters are able to reach sizes of a few nanometers under high CS ( fig. S12 ), unless molecular clusters are scavenged by preexisting particles less efficiently than expected or GRs are underestimated with our current methods (15) .
Clearly, the strong atmospheric NPF in China is a result of the vast emissions of precursor gases. NPF events in turn lead to the formation of large concentrations of new atmospheric particles that have an effect on regional air quality and potentially also the regional and global climate. For example, in the Yangtze River delta where Shanghai is located, the emissions of precursor gases, including sulfur dioxide, ammonia, and volatile organic compounds, are extremely high (37) . In addition, the concentrations of amines (33, 38) are sufficient to allow sulfuric acid particles to form at their maximum (kinetically limited) rate. Correspondingly, frequent atmospheric NPF is observed in this region (22, 23) . Hence, in order to reduce secondary aerosol formation in China, it is crucial to control the emissions of precursor compounds for NPF.
